Abstract. The influence of the laser-beam radial distribution of the energy flux density is theoretically studied for the Gaussian distribution (mode TEM 00 ), and doughnut distribution of TEM 01* mode for the values of the Peclet number from 0 to 3. The model of linear thermal conduction in the target indicates that profile TEM 00 is the best for thermo-activated treatment processes that can be accomplished in a wide temperature range and profile TEM 01* can be advantageous for a narrow range of the permissible processing temperature. If the phase transitions of melting/solidification and evaporation are included into the model, the estimate of the width of the laser-treated band is reduced but the tendencies predicted by the linear model are not changed.
Introduction
The drawback of selective laser melting (SLM) is the non-uniform thermal conditions in the zone of laser treatment. In the center of the laser spot material can be overheated, which can initiate chemical decomposition and evaporation with useless losses of mass and energy, while at the periphery of the spot material may not attain the melting point, so that the energy is essentially lost by heat diffusion [1] . At present laser beams of commercial SLM machines have bell-like radial profile, which approximately corresponds to TEM 00 mode of the optical resonator. Such a profile is not optimal because the energy flux attains its maximum in the center of the laser spot, which is favorable for the highly non-uniform temperature distribution over the spot. Nowadays optical tools for laser beam shaping are available. They were tested for SLM. Some differences in the obtained microstructure of materials were reported [2] . The objective of this study is to calculate thermal fields and to estimate the optimal laser beam profile.
The conventional distribution of the energy-density flux over radius r in the focus of a SLM machine is the bell-like one [3] and can be approximated by the Gauss distribution corresponding to the fundamental Laguerre-Gauss mode TEM 00 of the optical resonator,
where P is the beam power and r 0 the tentative radius. For photo-activated processes like photolithography, the optimal radial beam profile would be the top-hat one assuring the uniformity of the radiation flux. The typical mechanisms of powder consolidation at SLM are thermo-activated ones. This is why the objective is not obtaining a uniform irradiation flux q, but a uniform temperature field T induced by the irradiation. It is known from the half-space conduction problem [4] that the temperature over a circular laser spot is uniform and equal to
where λ is the thermal conductivity, if the radial distribution is
Suppose that a massive body is treated, the conduction is the principal mechanism of heat transfer, and the laser radiation is absorbed on the surface. Then profile (3) would be the best for SLM. Below, this profile is referred to as TFT (energy-density flux profile assuring a flat-top temperature distribution). Profile TFT is difficult to obtain because of a discontinuity at the beam boundary r = r 0 . The donut-like distribution of the first overtone TEM 01* could be a reasonable compromise, where 
The laser beam scans the target surface at the conditions of SLM. The movement of the beam relative the target can result in a non-uniform temperature distribution over the laser spot [5] even if the ideal TFT profile is applied. Real-time shaping and rotation of the beam to adapt its profile to the scanning speed vector is still a too complicated technical problem. This is why only axiallysymmetric beams are considered below.
Nomenclature
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width of the treated band 
Model
Laser beam scans the surface of the target as shown in Fig. 1 . The frame moves with the laser beam and is centred in the point where the beam axis intersects the target surface. The radial distribution of the beam can be specified by Eqs. (1), (3) , and (4). The powder layer on the target surface is considered to be thermally thin and is not taken into account. Laser radiation is supposed
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to be absorbed on the target surface. The reflection is not excluded. In the case of partial reflection, letter P in the above equations means the absorbed part of the incident radiation.
In the coordinate system moving with the scanning speed u s , the steady-state heat diffusion equation is
where ∇ is the operator nabla, λ is the thermal conductivity, and H is the enthalpy related to a temperature T as
where T m is the melting point, Q m the latent heat of melting, and C s and C l are the specific heats in the solid and the liquid states respectively. Equation (5) is solved by numerical or analytical, where possible, methods with boundary condition
where T a is the ambient temperature. The target surface z = 0 is adiabatic, excluding the laser spot where The tentative laser-beam radius r 0 is not the objective measure of its width applicable for various radial profiles. Thus, profile TEM 01* in Fig. 2 seems to be wider than beam TEM 00 at the same r 0 . Let us estimate the width of a laser profile by its diameter at half-maximum d 1/2 . This value is conventional in laser applications. The scheme for estimation of the corresponding radius at halfmaximum r 1/2 = d 1/2 /2 is shown in Fig. 2 where the profiles are normalised by Table 1 .
To formulate a criterion for estimating the quality of a laser profile, let us suppose that the laser processing necessitates a specified temperature interval [T min , T max ]. Temperatures above T max are impermissible because of evaporation or decomposition of the material. Temperatures below the minimum T min are not sufficient for the specific physical or chemical processes. The boiling point can be chosen as T max and the melting point can be T min for SLM of metals and alloys. The maximum temperature in the laser-processing zone and the width of the laser beam characterized by d 1/2 or r 1/2 can be easily controlled, for example, by variation of the laser power or by defocusing of the laser beam. The former quantity can be set about T max . The latter quantity can be set about the specified dimensional uncertainty for the considered laser treatment. 
Results and discussion
Linear conductive heat transfer in the target
The analysis simplifies in the case where the variation of the thermal conductivity and the specific heat with temperature and the latent heat of melting can be neglected. There is no characteristic temperature scale in the problem, so that temperature distributions are similar and the value of temperature is proportional to the laser power P. The complex of thermal properties of the material is reduced to its thermal diffusivity α. The only similarity criteria in the problem is the thermal Peclet number
which can be considered as dimensionless scanning speed u s .
Temperature distributions in the laser interaction zone were numerically calculated for profiles TEM 00 and TEM 01* at various Pe. Temperature distribution in any transverse cross-section perpendicular to the scanning direction can not objectively characterize the temperature conditions for SLM because of retarding the maximum target temperature relative the central cross section x = 0. In addition, the retard depends on the scanning speed and the distance from the scanning axis X. For threshold-like and Arrhenius temperature dependencies of the process kinetics, the most representative quantity is the maximum temperature attained along axis X. Figure 3 shows the transverse profile of this quantity on the surface, namely (10)
The qualitative review of the temperature profiles shown in Fig. 3 indicates that laser profile TEM 01* results in the widest top of the temperature profile as expected. Laser profile TEM 00 results in the widest base of the temperature profile. This means that evaluation of the three tested laser profiles is not straightforward and depends on the permissible temperature range of laser treatment T max -T min relative the maximum temperature increment T max -T a . If the permissible temperature range is narrow, the treated band of the surface is near the top level of the temperature profile. In this case, profile TEM 01* provides with the widest treated band, which means the best use of the laser energy. If the permissible temperature range is wide, the best profile is TEM 00 . For quantitative evaluation of the laser beam profile, let us introduce the width of the laser-treated band B γ where parameter Table 2 and Fig. 4 versus Peclet's number Pe for the two laser profiles. In the considered range of the Peclet number from 0 to approximately 3, the conventional Gaussian profile of TEM 00 is the best for the wide permissible temperature range of treatment with γ = 1/2. Profile TEM 01* can be significantly more advantageous for the narrow permissible temperature range of treatment with γ = 0.9. 
Application to SLM of steel
Temperature field in the laser interaction zone is known to be sensitive to such physical processes as melting/solidification and evaporation, which are not taken into account in the considered above linear conduction model. It is important to estimate if the clear conclusions following from the linear model are applicable to real materials. This is why thermal fields at SLM of stainless steel 316L are calculated below. The model couples the heat conduction in the bulk by Eqs. (5) and (6) and the strong evaporation from the surface. The model of strong evaporation is described elsewhere [6] . It modifies boundary condition (8) by introducing heat losses on evaporation. The model of strong evaporation [6] requires the following parameters: boiling point T b , latent heat of evaporation Q b , molecular mass of vapor m, and density of condensed phase ρ. The material properties required for the modeling are shown in Table 3 . Two numerical calculations for laser profiles TEM 00 and TEM 01* are made for laser parameters listed in Table 4 . Figure 5 shows the calculated temperature fields presented in the characteristic sections. In case of mode TEM 01* , the characteristic temperature minimum is visible in the center. The energy losses for evaporation are listed in Table 5 . The corresponding mass losses are proportional to the energy olosses 6 . A satisfactory bond between the re-melted powder and the substrate is formed at SLM if the temperature of the substrate surface is above the melting point T m = 1700 K [7] . This is why the width of the band heated up to this temperature B 1700 is calculated. The obtained values of B 1700 are listed in Table 5 . This is the width of the laser-treated band for the considered technology.
Comparison of values listed in Table 5 indicates that the change from mode TEM 00 to mode TEM 01* decreases the evaporation loss and increases the width of the laser-treated band. However, this does not mean that laser profile corresponding to mode TEM 01* is better.
According to Table 1 , the beam radius at half maximum for profile TEM 01* is greater by a factor of approximately two than the radius of TEM 00 . The increase in B 1700 is less important. Finally, the normalized band width B 1700 /d 1/2 is greater for profile TEM 00 as follows from Table 5 . The factor γ calculated for T max = T b and T min = T m equals γ = 0.48. Thermal diffusivity of the steel can be estimated as α = 4 mm 2 /s from the data of Table 3 . This gives Peclet's number Pe = 2.5 for the parameters from Table 4 . Thus, the conditions for these calculations for the steel are similar to those for the linear model with γ = 1/2 and Pe = 2.86. The conclusion made from the linear model is confirmed for steel. Namely, the profile of mode TEM 00 is preferable for materials with wide range of permissible temperatures. Comparison of the corresponding values of B in Tables 2 and 5 indicates that the linear model overestimates the width of the treated band. This is natural because the linear model neglects the additional energy inputs to melting and evaporation. 
Conclusion
The following two radial profiles of the energy-flux density in the laser beam are theoretically compared: the Gauss distribution corresponding to mode TEM 00 and the doughnut distribution of mode TEM 01* .
In the range of Peclet's numbers from 0 to 3, profile TEM 00 is the best for thermo-activated treatment processes, which can be accomplished in a wide temperature range with γ = 1/2. Profile TEM 01* can be advantageous for a narrow range of the permissible processing temperature with γ = 0.9.
The model of linear heat transfer in the target gives qualitatively correct results on the temperature distribution in the laser interaction zone and the width of the laser-treated band. However, the test calculation for a steel taking into account melting/solidification and evaporation phase transitions indicates that the mentioned physical processes consume additional energy and thus reduce the width of the laser-treated zone.
